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from the famiilar reslstivity viowpoint,

INTRODUCTION

Numetous geophysival techniquec have been
suggested in. the exploration for lunar water
deposits, be thoy liquid, ice, or in the forni of
hydrated rocks, Seismic dnd elestrical tech-
niques have logicully received the most serious
attention, although magnetic und even gruvity
methods have been proposed. (See, e.g., the
work of Speed (ref. 1) and Westhusing and
Crowe (rel. 2).) Obviously, the paramaters
on which the interpretation of gravimetric,
magnetic, and, to an extont, selamic data depend
do not readily lend themselves to such purposes
on early missions,

Variations in the magnitude and extetit of
density contrasts are the basis for gravimetrio
explotation; besides the stringent survey re-
quirements for meaningful exploration by
gravimetry (ref. 3), the number of models
relating density contrasts to water deposits is
infinite. Even if a very sizable body of ice
were present, the inherent ambiguity of gravity
duta necessitates reliance on other types of

froquoency (or fregquoncy spectrum) in orbit
considorably diforont analyses than do tho LF-
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degree and extont of contraats in the deotrieal praperties of mintorldln which lefd themaelves
Tho cholee of selontifle mothads dopend» lurgoly
on tho preporties suspected to oxist; the oheloo of apertionnl methads influenec tiwo eligloo
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wall as 1oo In samio oases, tho varlous kinds

d ohomion! contuminants), and multiphese

information in the process of interpretatiofs.

'Essentiully the eamo cun be said for magnetic

pruspecting, except for the possibility of lo-
outing likely sores of voleanics (which may
stand out even in the weak magnetic field of

the Moon), thereby allowing oie to suspect o -

gréater likelihood of water dssoclation in that
purticular locule, Seismic ihetliods, one of the
most powerful tools in exploration geophysics,
may be u rewarding meuns to determine the
presefice of bulk ice (or water) in early missions
(ref. 4), but again the nuture of valocity dis-
continuitipeys rebited parameters, and environ-
niental conditions may limit the early utility of
these methods for this purpase. A good knowl-
edge of the lunar subsurface is nécessary to the
choice of: method(e) (vefraction and/or re-
flection) ; the technique(s) (profiliug, fan shoot-
ing, etc.); instrumentation (selsmic energy
source, filters, smplifiers, telemetry, eto.);
and, of course, interprutation (ref. 8).

The principal method of geophysical pros-
peoting for water on Earth, the electrical
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method, appears to be as potentially useful,
if not more 8o, on the Moon, providing the
pertinent parametric factors reluting to such
experiments are ascertained. Mathematical
treatments and case histories of electrical
methods are amply described in the literature
and so are not presented here. A brief bibliog-
raphy is included with this paper to give the
reader a fair sampling of available literature
on the subject,

LUNAR WATER SOl CES

It is probably invorrect to assumeé that
muck, if any, water beneath the Moon's
surface is in the liquid state. Sich a case would
require an impervious interface to prevent
migration of liquid or vapor to the surface and,
of course, & temperature sufficiently high to
prevetit solidification. However, inn heated
zones, electrolytic action might feasibly result
from “ground watet” in thé presence of certain
mitierals (sulfides, for example); this might
create & self-potential field in the vicinity of
contdot. It déppears, for early missions, that
the possihiliiy of useful water resources is
probably limited to subsurface ice in the maria.

If the original source of the ice is accepted to
be of volednic origin, that is, condensates
of vent or fumarcie vapor trapped in ground
fissures, veins, or porous material, it can also be
assumed that the ice is contaminaied to a
degree and is more conductive than if it were
pure. At standard atmospheric pressure, con-
ductivities range from about 2.3%10-* (ohm-
em)-! for pure water at 10° C to 5X101°
(vhme-cm)™ for certain pure ices at low temper-
atures (—70° C or s0). A method of deter-
mining the direct-current values is described
by Bradley (ref. 6). For nearsurface (about
1 meter) temperatures of —-23° to —83° C
(vef. 7), the vapor pressute of ice ranges from
about 7.8%10~! torr to approximately 410
torr (ref. 8); therefore, the base of the surface
layer must be impervious if it contains the ice
or water for any appreciable period of time.

Bernett and otliers (ref. 9) noted that pul-
verised olivine basalt, material apparently
enalogous to the lunar-surface covering, has a
thermal conductivity about 2 orders of magni-
tude less in & vaouum of 5X10~* torr than at
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1 atmosphere. Moreover, they observed that the
variation of the particle sizes tested had more
effect on the thermal conductivity in a vacuum
than in air and that compastion markedly
increased these values,

The various forms of ice (see Dorsey, ref. 8)
may affect the interpretation of electtical
exploration data because of the crystalline
structure system associated with the cireum-
stances under which it formed and the nature of
the present environment. For example, the
intercrystalline material existing betwssn the
surfaces of crystals becomes motre concentrated
by repeated fractional freezing, with the result
that the ice itself becomes more pure and is
composed of larger grains, perhaps in a different
crystallographic system. For bulk ice (essen-
tially homogeneous as a body compared with
that filling pore spaces in rock), effective inter-
stitial material may eventually migraie to the
outer periphery of the mass, theréby emphasiz-
ing the conductivity contrast. The more rap-
idly the transition from vapor (if any) to water
toice ocours, the more likelyitis that conducting
and/or resistive materials are entrapped in the
body of ice.

Dorsey (vef. 8) proposes that no {ype other
than ice-I exists at pressures less than 2000
atmospheres unless the temperature is very low;
he also states that both ice-II and ice-IIT types
procced very slowly to ice-I. All known vatie-
ties of ice, except ice-I, are denser than water
under identical conditions of temperature and
pressure; however, to the writer's knowledge,
this has not been verified for a vacuum and
low-temperature environment such as that
found on the Moon.

Under the action of an induced eleotric field,
a space charge will be acquired by the ice unless
it is extremely pure. A sort of polarization
will result from a direct-current field, and an
alternating-current fleld will cause a varying
concentration of the field, the end result being
a reasonable probability of misinterpretation
unless proof of the existence of the ice is estab-
lished by other means (visible exposure or
coring). The relationship of fleld frequency
to the meas red variation of the dieleotrio
constant of 1o is given in figure 1(a); the
thermal variations of the dieleotric constant of
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ice are shown in figure 1(3). A compilation of
observed laboratory data on the apparent
resistivity of ice at various frequencics is shown
in figure 2, The primary point to be made here
is that some preknowledge of the temperatures
of the ice and the overlying material greatly
reduces the probability of misinterpreting the
data from electrical methods.

Various factors are related to the wide range
of resistivities encountered in Earth materials.
Some of these may he more pronounced for
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Fiauns 1.—Dielectrio constant of ioe against frequency
and temperature. Data taken from reference 8, pp.
802 and 503. (a* Field frequency versus the dieleotrio
constant of ice, (b) Temperature versus the dielectrio
constant of ice at 130 charges and discharges per
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Figure 2.~-A compilation of observed apparent con-
ductivities of ise versus temperature at various
froquencies (frequency data from ref. 8, p. 508;
direot ourrent data from ref. 6).

water exploration on the Moon. Not neces-
sarily in order of importance, these are—

(1) Temperature of the ice and thermal
gradients of the surrounding materials

(2) Inhomogeneity of the ice and the sur-
rounding m-terals

(3) Degree and type nf hydration of the
surrounding materials

(4) Partiole size and degree of compaction of
unconsolidated materials surrounding a body
of ice

(3) Choice of electrical method, configura-
tion, end frequency

(8) Degree of polarization in ¢onnection
with asscoiated fluids or ionized gases (if any)

(7) Magnitude of lithostatioc pressure

(8) Lunacsurface state and topography

It vould appear that a real requirement
exists, regardless of the intended method of
geophysical exploration, that one acquire some
borehole data before one attempts a surface
reconnaissance for bulk water deposits. Al-
though the probability of drilling into ive or
water-bearing strata by chance cannot be deter-
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mined vt thin thne, it coems that it would he
very low, A useful aceunsulation of subsurface
data wonld dct s & giide for planntig surface
exploration,

GENERAL ELECTRICAL METHODS

Eleotrical methada in exploration geuphysios
may be broadly categorined an elf-potential
(8P), Irduced potentinl (1P), magnetotellure
(and  tellurle), electromagnetie (EM), resis-
tivity, and borehole logging, whivh may involve
any one or a combination of these methods,
Interpretation practmses of the SP and 1P
methods are dependent on polarixation phe.
noinena associrted with electrorhemical reac-
tions between the different subsurface con-
stituents, Although wsuch phenomena may
ovour on the Moon, the likelihood neems suffi
olently small to the author to exclude these
methods from this discusston. Magnetoss.
lenies is not discussed here because the prob-
abliity of looating recoverable deposits of ioe by
this method in early missions seems unlikely.

One of the most attractive aspects of eleotro-
magnetio exploration is that of being amenable
to remote (orbital altitude) or surface (roving
vehicle or contact) operations, In the pre-
ceding discussion of lunar water, {t was noted
that the effects of material temperature and
sensing frequency lead to possibilities of misin.
terpretation. Ward and others (ref. 10) report
s study on electromagnetio reflections in the
10-% to 10%hefts range in whioh they desoribe
o method of the “possibilisy of uniquely deter-
mining the presence of w.uter, in solid or pore
liquid form, from electromagnetio soundings
made on or above the lunar surface.” They
detail the distribution and sequential variations
of electrical parameters of several models to
determine responses for each range and com-
bination they selected.

Because of the promise of remots seneing,
considerable emphasis has been placed on
electromaguetis methods. This is particularly
true in terresirial applications, as evidenced by
the numerous applications and investigations on
the subject. Since the primary purpose here
is to discuss eleotrical resistivity techniques of
water exploration, let it suffice to refer the
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reader to publioations liated in the bibliography
at the end of this paper,

SURFACE RESISTIVITY METHODS

The classionl realstivity methods of measisr-
ing lrregularitios in the conductivity of sube
surfuce materinle depend on the determination
of the magnitude and extent «f the potentisl
gradient on  the muface caused by the
ssymmetrio flow of current introduced {nto
the smibsurfire, The mensuroments made on
the surface reauit in quantitative values of the
apparent resistivity caused by conductivity
contrasts in the subsurtace.

Various olectrode configurations exist for
renistivity surveying clong the surface; these
are used to determine the approximate depth,
shape, and anomalous resistivity of disovete
bodies or features. A simple {llustration of the
cotioept, using the common Wenner configure-
tion, is shown in figure 3, Since potential ilnes
ate by definition perpendicular to ovzient flow
lines, any distortion of the current lines by
material of anomalous ¢onductivity is expressed
on the surface by a distortion of the potential
field. In practice, two general fisld techniques
are employed: (1) maintaining fixed eleotrode
separation and moving the array along a profile
line, then plotting vesistivity values at the
midpoint of the array, that is, resistivity
profiling at s given electrode separation ¢
approximately equivalent to the maximum
depth of effective penetration; or (3) systema-
tically varying a for successively greater depths
of éffective penetration and repeating this
process at points along a live, that is, reaistivity
sounding. Often both techniques are used in
the sarne area and parallel profiles must be
employed to aacertain the lateral extent of an
anomalous body,

Theoretical studies of the mathematical
modeling of various mhﬁ:’lx systeins have
bsen pursued for many decades and are for

the maet part very straightforward; however,
the qiinntitative interpretation of these data
seems to be as much un art as a nelence because
of several complicating factors. For sxample,
Earth ground water snd molsture in the
weathered zone cause some difficulties, pri-
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Froune 3.~The Wenner elrotrode configuration,

marily because of a wide range of mineral
content affecting conductivity, as well as gross
irregularities in thelr extent. In some areal
surveys, fences, railroad tracks, underground
cables, ete., cause distortions in the potential
fleld. Coupling of the electrodes to the surface
layer is often inconsistent as o result of several
factors (varinbility of surfuce materials, vari-
ability of the dagree and type of surface
molsture, impropet implacement and/ot care
of the ¢lectrodes, ete.). The Moon may be 3
ot 3 orders of magnitude more amenable to
such surveys than are terrestrinl sites because
of the obvinus lack of some of these trouble-
some features, A fow of the more subtle impli-
cations presently suspected may enhanc: the
attractivencss of reaistivity techniques. For
instence, if discrete layering of near-surface
materials s prevalent in the maris, we approach
the ideal case and thereby may rely more on
ld&ntiﬁo than on “analogy-type” interpre-
“tions,

Several model studies of geophysical methods
for lunar waler exploration have been ve
by Westhusing and Crows (see, in particulas,
pb. 378-370 and 348-351 of rel. 3). In most
cases reported by them, apparent resistivity
mesaurements yield significant responses for the
reslativity contrasts they considered (aasuming,
of course, that high vadstivities miy be
messured with the lunar system). Their con-
clusions are summarised in reference 2 in tables,
all of which are worthy of the reader’s review.
mentation in orbital mode, p. 340; methods in
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surface mode, pp. 348-340; and Instturmenta-
tion in surface meds, pp. 300-387,)
Preliminacy teata with resistivity models in
& vaduum chamber have been initinted using
olivine baasit, Temperature ranges of 180° to
100° © have been employed in » vasuum of 4 to
BX10° torr with two parallel Wenner electrode
configurations, A thermally and electrionlly
isolated cernmio container is used to house the
model, (See fig. 4.) Preliminary ctudies were
performed with a mechaniccl-diffusion pump
system, the resulta of which were inconolusive;
the suspeoted cause was oll contsmination of
the sample material, Sorbent roughing pumps
and fon pumps have been installed on the
chamber, and models are ourrently being pre-
pared to conduot & more complete series of
meesureinents, Materials with electrioal prop-
erties similar to those of foe are placed in various
subsurface positions in the model. To date,
samples of granite, rock salt, limestone, Bakelite
140, and marble (for high resistivity) have
been studied as model substitutes for ice.
The two electrode ents are alternately
sctivated at given model temperatures for a
certain eleotrode sepatation o, Then the proc-
ess is repeated for differont values of ¢. Re-
sults obtained with the new system are not
presently available; however, it is reusonable to
say at this timie that the method appears

promising,
Probably the grestest operational disadvan-
—— (W ———

ws . 1, N
B A r

8

Frauns 4. —Schematio of the model arraagement of
the reatstivity tests in the vacuum chamber. A, B,
O, and D ave test materiole.
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tages to realativity methode are (1) the time-
cotisuning, oumbetwome handling of the electrin
cables; and (2) the power required for high-
resiatlvity mensurements and wideapread éleo-
trodes, On KEarth, vegetation, creeks, large
rocks, hills, ete,, ggravate the problem, but
in the lunar maris, and considering the early,
linidted profiles, the reaistivity metﬁmﬂ rony be
computatively quite rapid. O course the
rostriotions on the astronaute’ dexterity and
tobility eaused by thelr apace suits will be o
handieap and must be considered in planning
experimenta of this type,

SUBSURFACE ELECTRICAL METHODS

E::{ lunar imisalons preclude any in oitu
subsurfuce techniques other than borehole
logging, unless tunnels o accessible Assires are
found and explored. The more advanced
misslons may employ tunne! and shaft applioa-
tions of electrical methods,

Borehole logging by elevtrical methods con-
sists essentially of recording the resistivities
and potentials of subsurface formations by
down-hole instruments applied throughout the
depth of the borehole. Disoussion of potesitisl
measurements is excluded in this section because
of the assumed lack of fluids in the lunar
subsurfuce,

Common electfle logging techniques ave des-
ignated as standard, or conventional (lateral,
normal, induction, micro, ete). However,
these are usually employed in the fluid medium
of ihe water or oll well; therefore, there are
necessuty modifications to terrestrial practices
in electrio logging for lunar applications. (See,
e.g., the work of Tixier, ref, 11,; Stratton and
Ford, ref, 13; Dieter and Paterson, ref, 13; and
Guyod, rel. 14.)

Several resistivity-ineasuring systams axist for
logging purposes, but the most adaptable for
lunar logging appear to be the multisleoctrode
normal technigues, electrode config-
urations ave basically those used in surface

methods. With contact electrodes rather than
insertion electrodes, continuous recording is
possible by pulling the sonde from the bottom
to the top of the hole,

Induction logging measures forination resis-
tivity by electromagnetic means. Whaere con-

ductivity contrasts exist, induction iogging
yleldn u sharper delieation of intetfacss than
do couventional means and may be mors
feasible in lunar loggl @ than are conventional
reajsitivity loge, stva; no contact with the hole
wall Is necessary, Definition of thin beds &
better with rdustion loge, One reason fur
this diffecence s that eddy eurrents induced in
the formation tend to clreulnte through the less
realative formations, nid thereby sharpen the
record respoine,

Lateral logging forves ourrent to flow redially
through beds as 4 “sheet” of predetermined
thickness by placing electrode contacts in such
s way as to allow continious adjustiment of
potential differences botween them, However,
fluid Is requived for this otherwise desirable
method,

Combination logging tools ave in use and are
worthy of considerdtion in early lunar misajons
in prospecting for water, They have advan.
tages in terms of simplicity, ease of adaptation
for lunar missions, and low powet/sise/weight
specifications; however, iogging tools are charas-
teristically cumbetsome and, in the casn of hinar
work, may require severs operational modifica-
tions to alleviate excessive astronaut par-
ticipation,

Where lunar boreholos are not widely sepa-
rated, resistivity measurements between holés
may be performed . rddition to standard log-
ging. Equipoténtial points may be mapped
locally when identioal logging tools are used
simultansously. 1t is sufficient to say that the
subject should have much more study.
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